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SUMMARY 
The Manned Mars M i s s i o n  Work ing Group (1985> ,  d i r e c t e d  by NASA M a r s h a l l  
Space F l i g h t  Cen te r ,  addressed t h e  t e c h n o l o g y  i s s u e s  r e q u i r e d  t o  s u p p o r t  
manned Mars m i s s i o n s  i n  t h e  n e x t  c e n t u r y .  The v a r i o u s  f a c e t s  o f  a manned Mars 
m i s s i o n  were addressed by  i n d i v i d u a l  subgroups .  The Mars S u r f a c e  I n f r a s t r u c -  
t u r e  Subgroup addressed t h e  c a p a b i l i t i e s  and t h e  equipment  t h a t  needed t o  be 
landed  t o  s u p p o r t  a pe rmanen t l y  manned Mars s u r f a c e  base.  A k e y  o b j e c t i v e  of 
t h i s  base i s  t o  c a r r y  o u t  sur face  g e o l o g i c a l  e x p l o r a t i o n  o f  t h e  p l a n e t .  
p a r t  o f  t h i s  s tudy ,  t h e  NASA Lewis  Research Cen te r  deve loped  a d e s i g n  concep t  
f o r  t h i s  v e h i c l e  t h a t  used hydrogen-oxygen f u e l  c e l l s  as t h e  p r i m a r y  power sys- 
t e m .  
v i a b l e  power system t e c h n o l o g y  f o r  a s u r f a c e  t r a n s p o r t a t i o n  v e h i c l e  t o  e x p l o r e  
t h e  p l a n e t .  A number o f  power t r a c t i o n  systems were i n v e s t i g a t e d ,  and i t  was 
f o u n d  t h a t  a r e g e n e r a t i v e  hydrogen-oxygen f u e l  c e l l  appears  t o  be a t t r a c t i v e  
f o r  a manned Mars r o v e r  a p p l i c a t i o n .  M i s s i o n  r e q u i r e m e n t s  were o b t a i n e d  from 
t h e  Manned Mars M i s s i o n  Work ing Group. Power systems w e i g h t s ,  power,  and r e a c -  
t a n t s  r e q u i r e m e n t s  were de te rm ined  as a f u n c t i o n  o f  v e h i c l e  w e i g h t s  f o r  v e h i -  
c l e s  w e i g h i n g  from 6000 t o  16 000 l b  (2722 t o  7257 k g ) ,  ( E a r t h  w e i g h t ) .  
v e h i c l e  per fo rmance r e q u i r e m e n t s  were: v e l o c i t y ,  10 km/hr ;  range ,  100 km; 
s l o p e  c l i m b i n g  c a p a b i l i t y ,  30° u p h i l l  f o r  50 km; m i s s i o n  d u r a t i o n ,  5 days;  and 
c rew,  5 .  
p o r t  sys tem c a p a b i l i t i e s  were a l s o  s p e c i f i e d  and i n c l u d e d  i n  t h i s  s t u d y .  
A s  
T h i s  paper  p r e s e n t s  t h e  r e s u l t s  o f  a s t u d y  t o  i d e n t i f y  and d e s c r i b e  a 
$j 
7 The 
Power r e q u i r e m e n t s  f o r  t h e  o p e r a t i o n  o f  s c i e n t i f i c  equipment  and sup- 
The concep t  deve loped h e r e  would a l s o  be a p p l i c a b l e  t o  a Lunar  based v e h i -  
c l e  f o r  Lunar  e x p l o r a t i o n .  
t h a t  on  t h e  M a r t i a n  s u r f a c e ) ,  would r e s u l t  i n  an i n c r e a s e d  range  or c a p a b i l i t y  
o v e r  t h a t  o f  t h e  Mars v e h i c l e  s i n c e  many o f  t h e  power and e n e r g y  r e q u i r e m e n t s  
for t h e  v e h i c l e  a r e  g r a v i t y  dependent .  
The reduced g r a v i t y  on  t h e  Lunar  s u r f a c e ,  ( o v e r  
INTRODUCTION 
Man has an i n s a t i a b l e  d r i v e  t o  e x p l o r e  new w o r l d s ,  and i n  due t i m e ,  
c o l o n i z e  t h e  p l a n e t s .  The a c t u a l  s c e n a r i o  f o r  a c c o m p l i s h i n g  t h i s  i s  open t o  
s p e c u l a t i o n ,  b u t  t h e  f i rs t  s t e p  m i g h t  be t o  r e v i s i t  t h e  moon and e s t a b l i s h  a 
permanent  c o l o n y  on  t h e  l u n a r  s u r f a c e .  
and e x p l o r e  o u r  n e i g h b o r  Mars. 
face ,  t h e  e x p l o r a t i o n  c o u l d  p roceed  i n  a number o f  ways. One p o s s i b l e  means 
wou ld  u t i l i z e  o r b i t i n g  s a t e l l i t e s  t o  s u r v e y  M a r t i a n  r e s o u r c e s  from o r b i t .  
e v e r ,  t o  c a r r y  o u t  a comple te  e x p l o r a t i o n  o f  t h e  p l a n e t  wou ld  r e q u i r e  human 
e x p l o r a t i o n  i n  i n h a b i t e d  v e h i c l e s .  
s h o u l d  be many f a c e t e d .  
f a c e  may i n c l u d e  v e r i f y i n g  s a t e l l i t e  d a t a ,  c a r r y i n g  o u t  d e t a i l e d  s u r f a c e  e x p l o -  
r a t i o n  b y  emp lac ing  i n s t r u m e n t s  t o  s t u d y  t h e  p l a n e t a r y  e n v i r o n m e n t ,  and o t h e r s .  
To c a r r y  o u t  t h i s  e x p l o r a t i o n  would r e q u i r e  human-operated s u r f a c e  v e h i c l e s  
A n e x t  l o g i c a l  s t e p  m i g h t  be t o  v i s i t  
W i t h  an e s t a b l i s h e d  c o l o n y  o n  t h e  M a r t i a n  su r -  
HOW- 
The p r o g r e s s  o f  human s u r f a c e  e x p l o r a t i o n  
The f u n c t i o n  t o  be c a r r i e d  o u t  by  humans on  t h e  su r -  
capab le  of  t r a n s p o r t i n g  s c i e n t i f i c  crews and equipment  t o  c o l l e c t  samples as 
needed, t e s t  them on t h e  s p o t ,  c o l l e c t  a d d i t i o n a l  samples as needed, c a r r y  o u t  
o t h e r  s c i e n t i f i c  exper imen ts ,  and r e t u r n  them t o  t h e  main  base f o r  f u r t h e r  
s t u d y .  NP.SA Lewis i n v e s t i g a t e d  t h e  concep t  f o r  such v e h i c l e  and s t u d i e d  t h e  
requ i remen ts  for t h e  power s y s t e m  needed t o  power t h e  v e h i c l e .  Hydrogen-oxygen 
f u e l  c e l l s  were found  t o  p r o v i d e  a v i a b l e  concep t  f o r  such a t r a n s p o r t a t i o n  
sys tem. 
T h i s  paper  p r e s e n t s  t h e  r e s u l t s  of a s t u d y  t o  i d e n t i f y  and d e s c r i b e  t h e  
power s y s t e m  t e c h n o l o g y  wh ich  would meet t h e  r e q u i r e m e n t s  f o r  a Mars s u r f a c e  
e x p l o r a t i o n  v e h i c l e .  M i s s i o n  r e q u i r e m e n t s  for t h e  manned t r a n s p o r t a t i o n  sys- 
tem were de te rm ined  by t h e  Manned Mars M i s s i o n  Work ing Group, ( S u r f a c e  I n f r a -  
s t r u c t u r e  Subgroup) .  A v e h i c l e  w i t h  a 100 km range ,  speed o f  10 k m / h r ,  s l o p e  
c l i m b i n g  a b i l i t y  o f  30° f o r  50 km, a m i s s i o n  d u r a t i o n  o f  5 days and a c r e w  
s i z e  o f  5 was f e l t  t o  meet t h e  r e q u i r e m e n t s  for g e o l o g i c a l  e x p l o r a t i o n  o f  t h e  
M a r t i a n  s u r f a c e .  Power r e q u i r e m e n t s  f o r  t h e  o p e r a t i o n  o f  s c i e n t i f i c  and t h e  
o t h e r  s u p p o r t  equipment  a r e  a l s o  s p e c i f i e d  and i n c l u d e d  i n  s i z i n g  o f  t h e  power 
system f o r  t h e  v e h i c l e .  
H i s t c r i c a l l y ,  t h e  g o a l s  and o b j e c t i v e s  of t h e  space program have been t o  
promote t h e  development  and use t h e  new t e c h n o l o g i e s .  T e c h n o l o g i c a l  advance- 
ments a r e  c r i t i c a l  for t h e  f u t u r e  p r o g r e s s  i n  space, e s p e c i a l l y  f o r  manned 
o p e r a t i o n s .  The e s t a b l i s h m e n t  of p l a n e t a r y  s e t t l e m e n t s  s h o u l d  s e r v e  as impe tus  
t o  r e l e v a n t  t e c h n o l o g y  development  and a v i s i o n  for new t e c h n o l o g i e s .  
FUEL CELL POWER SYSTEM 
The v i a b i l i t y  o f  su r face  t r a n s p o r t a t i o n  of o t h e r  m o b i l e  p l a n e t a r y  systems 
w i l l ,  t o  a l a r g e  e x t e n t ,  depend upon a v a i l a b i l i t y  of a f e a s i b l e  power sys tem 
t h a t  i s  c o m p a t i b l e  w i t h  t h e  v e h i c l e  m i s s i o n  r e q u i r e m e n t s .  S i z e ,  w e i g h t ,  volume 
and t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  power system w i l l  a f f e c t  t h e  d e s i g n  
and t h e  per fo rmance of t h e  v e h i c l e  t o  a v e r y  l a r g e  degree .  A hydrogen-oxygen 
f u e l  c e l l  r e p r e s e n t s  a s t r o n g  c a n d i d a t e  for such a power system. The f u e l  
c e l l  power system o f  t h e  Mars t r a n s p o r t a t i o n  v e h i c l e  e v a l u a t e d  h e r e  i s  an evo- 
l u t i o n a r y  e x t e n s i o n  of t h e  c u r r e n t  power s y s t e m  d e f i n e d  f o r  t h e  Space S h u t t l e  
o r b i t e r .  The c u r r e n t  e l e c t r i c a l  power s y s t e m  of t h e  S h u t t l e  c o n s i s t s  o f  t h r e e  
hydrogen-oxygen a l k a l i n e  e l e c t r o l y t e  f u e l  c e l l s ,  w i t h  t h e  hydrogen and oxygen 
r e a c t a n t s  s t o r e d  a t  c r y o g e n i c  tempera tu re  and s u p e r c r i t i c a l  p r e s s u r e .  The sys- 
tem i s  r a t e d  a t  a maximum c o n t i n u o u s  power of 21 kW and has a nomina l  l i f e t i m e  
o f  7 days (ref. 1 ) .  D e t a i l e d  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  S h u t t l e  f u e l  
c e l l  a r e  p r e s e n t e d  i n  t a b l e  I. I t  i s  t h i s  s t a t e - o f - t h e - a r t  sys tem t h a t  r e p r e -  
s e n t s  t h e  b a s i s  o f  t h e  power s y s t e m  f o r  t h e  manned Mars t r a n s p o r t a t i o n  system. 
FUEL CELL POWER PLANT (FCP)  
Sys tem C h a r a c t e r i s t i c s  
The f u e l  c e l l  module f o r  o u r  concep t  c o n s i s t s  o f  hydrogen and oxygen 
( r e a c t a n t s )  t a n k s ,  an i n t e g r a t e d  f u e l  c e l l  and an e l e c t r o l y z e r  c e l l  s t a c k  t h a t  
i s  a t  t h e  base.  F i g u r e  1 shows a Space S h u t t l e  a u x i l i a r y  f u e l  c e l l  power sys- 
t e m  deve loped by  The U n i t e d  Techno logy  Power S y s t e m s ,  I n c . ,  t o  i n c r e a s e  t h e  
o r b i t e r  power lene rgy  i n v e n t o r y .  
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The c h a r a c t e r i s t i c s  o f  t h i s  system, wh ich  r e p r e s e n t  nea r  t e r m  s t a t e  o f  t h e  
a r t ,  a r e  such t h a t  t h e  w e i g h t ,  s i z e ,  volume and power /ene rgy  can be matched t o  
many p l a n e t a r y  s u r f a c e  m o b i l e  systems r e q u i r e m e n t s .  T h i s  t e c h n o l o g y  can be 
a p p l i e d  t o  a r r i v e  a t  a power sys tem-veh ic le  concep t  f o r  t h e  manned Mars s u r f a c e  
t r a n s p o r t a t i o n  system. 
I n  t h i s  system, hydrogen and oxygen r e a c t  t o  form w a t e r ,  d e l i v e r i n g  e l e c -  
t r i c a l  power t o  t h e  v e h i c l e  d r i v e  motors l o c a t e d  a t  t h e  i n d i v i d u a l  whee ls .  
The wa te r  i s  s t o r e d  onboard  f o r  r e t u r n  t o  t h e  base and reused  because i t  i s  
deemed too v a l u a b l e  t o  d i s c a r d .  The oxygen d i r e c t l y  e n t e r s  t h e  f u e l  c e l l  
s t a c k .  U s i n g  t h e  r e c y c l e  l o o p ,  p r o d u c t  wa te r  i s  removed from t h e  hydrogen 
s i d e  of t h e  f u e l  c e l l  as v a p o r .  T h i s  gas s t ream mixes  w i t h  t h e  i ncoming  hyd ro -  
gen and e n t e r s  t h e  condensers where i t s  t e m p e r a t u r e  i s  reduced  and a c e r t a i n  
f r a c t i o n  o f  wa te r  vapor  i s  condensed ( r e f .  2 ) .  The gas and l i q u i d  phases a r e  
separa ted  i n  t h e  hydrogen pump/separa to r .  The gas i s  r e c i r c u l a t e d  t o  t h e  f u e l  
c e l l  and t h e  l i q u i d  wa te r  i s  d e l i v e r e d  t o  t h e  s t o r a g e  t a n k .  Upon r e t u r n i n g  
from t h e  m i s s i o n ,  t h e  wa te r  i s  e l e c t r o l y z e d  a t  a f a c i l i t y  a t  t h e  Mars base.  
The e l e c t r o l y s i s  f a c i l i t y  w i l l  r e c e i v e  power from an e x t e r n a l  sou rce ,  and w i l l  
p roduce oxygen and hydrogen t h a t  a r e  p r e s s u r i z e d  and pumped i n t o  t h e  r e s p e c t i v e  
t a n k s  on  t h e  v e h i c l e .  
The oxygen s t o r a g e  t a n k s  may be i n t e g r a t e d  w i t h  t h e  open c y c l e  l i f e  sup- 
p o r t  s y s t e m  and t h e  waste h e a t  from t h e  hydrogen-oxygen f u e l  c e l l  c o u l d  be used 
f o r  i n t e r n a l  t he rma l  c o n t r o l  o f  t h e  v e h i c l e ,  r e s u l t i n g  i n  s i g n i f i c a n t  s a v i n g s  
i n  w e i g h t ,  power and i n t e r n a l  volume. 
Des ign  C o n s i d e r a t i o n s  
M a r t i a n  t e r r a i n / s u r f a c e  c h a r a c t e r i s t i c s .  - The r o l l i n g  r e s i s t a n c e  o f  t h e  
Mars t r a n s p o r t a t i o n  v e h i c l e  was de te rm ined  f o r  32 i n .  d i a m e t e r  Lunar  Rover  
x - type  wheels  i n  l o o s e  sand ( r e f s .  3 and 4 ) .  T h i s  r e s u l t e d  i n  a r o l l i n g  
r e s i s t a n c e  c o e f f i c i e n t  o f  0 .32  t h a t  i s  f e l t  t o  be c o n s e r v a t i v e  f o r  t h i s  a p p l i -  
c a t i o n .  A 30° u p h i l l  s l o p e  was s e l e c t e d  as a d e s i g n  r e q u i r e m e n t s  f o r  t h e  Mars 
t r a n s p o r t a t i o n  v e h i c l e .  
Energy r e q u i r e m e n t s .  - The power system was des igned  to  f u l f i l l  c e r t a i n  
s c i e n t i f i c  and o p e r a t i o n a l  r e q u i r e m e n t s  such as s u r f a c e  c o r e  d r i l l i n g /  
samp l ing ,  and p r o v i d i n g  t h e  power t o  r u n  i n s t r u m e n t s  and e x p e r i m e n t s  d u r i n g  
i t s  c r u i s i n g  m i s s i o n s .  The energy  budge t ,  wh ich  d e t e r m i n e s  t h e  r e a c t a n t s  
r e q u i r e m e n t s  t o  overcome t h e  r o l l  i ng r e s i  s t a n c e ,  t h e  i n c r e a s e  i n  p o t e n t i  a1 
energy  due t o  s l o p e  c l i m b i n g  and t h e  o p e r a t i o n  o f  i n t e r n a l  ene rgy  and e x t e r n a l  
f u n c t i o n s  r e q u i r i n g  energy  e x p e n d i t u r e .  An e x t r a  25 p e r c e n t  o f  e n e r g y  budge t  
was added f o r  c o n t i n g e n c y  reasons .  T a b l e  I 1  p r e s e n t s  t h e  Mars t r a n s p o r t a t i o n  
v e h i c l e  r e q u i r e m e n t s .  
Power r e q u i r e m e n t s .  - The hydrogen-oxygen f u e l  c e l l  w i t h  t e c h n o l o g y  
a t t r i b u t e s  p r o j e c t e d  from t h a t  o f  t h e  S h u t t l e  o r b i t e r  sys tem t o  r e p r e s e n t  y e a r  
2000 t e c h n o l o g y  was used t o  d e t e r m i n e  t h e  power system w e i g h t s ,  volume and 
o p e r a t i n g  c h a r a c t e r i s t i c s .  The c a t e g o r i e s  o f  c o n s i d e r e d  i n c l u d e  t h e  power and 
energy  hardware ,  waste h e a t  r e j e c t i o n ,  r a d i a t o r ,  r e a c t a n t s ,  power management 
and d i s t r i b u t i o n  ( P M A D ) ,  and e l e c t r i c  d r i v e  motors. Also, 50 p e r c e n t  power 
r e s e r v e  i s  added t o  t h e  f u e l  c e l l  f o r  c o n t i n g e n c y  purposes  and t o  accommodate 
a r e a c t a n t  s u p p l y  t r a i l e r  t o  e x t e n d  t h e  m i s s i o n  range i f  d e s i r e d .  The power 
system r e q u i r e m e n t s  a r e  l i s t e d  i n  t a b l e  111. 
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The v e h i c l e  power r e q u i r e m e n t s  a r e  de te rm ined  by  t h e  r a t e s  o f  e n e r g y  
e x p e n d i t u r e  t o  meet t h e  r o l l i n g  r e s i s t a n c e  and t h e  s l o p e  c l i m b i n g  r e q u i r e m e n t s ,  
i n  a d d i t i o n  t o  t h e  i n t e r n a l  power r e q u i r e m e n t s  w h i l e  t h e  v e h i c l e  i s  underway.  
These i t e m s  de te rm ine  t h e  power system s i z e .  E x p e r i r n e n t a l / i n t e r n a l  r e q u i r e -  
ments,  when t h e  v e h i c l e  i s  s t a t i o n a r y  a t  a s i t e ,  a r e  e a s i l y  met i f  t h e  "mov ing"  
r e q u i r e m e n t s  a r e  used t o  s i z e  t h e  power system. 
VEHICLE DESCRIPTION 
The V e h i c l e  T r a d e - o f f  
The e l e c t r o l y s i s  u n i t  a t  t h e  base i s  used t o  e l e c t r o c h e m i c a l l y  decompose 
w a t e r  i n t o  gaseous hydrogen and oxygen f o r  use o f  t h e  f u e l  c e l l .  The hyd rogen  
and oxygen p r o d u c t s  w i l l  be pumped i n t o  t h e  r e a c t a n t s  r e s p e c t i v e  t a n k s .  F i g -  
u r e  5 shows t h e  energy  budget  f o r  t h e  7257 k g  ( 1 6  000 l b )  v e h i c l e  and f i g u r e  6 
g i v e s  t h e  power budget  f o r  t h i s  v e h i c l e .  
Power system we igh ts ,  power r e q u i r e m e n t s ,  and r e a c t a n t s  r e q u i r e m e n t s  were 
d e t e r m i n e  as a f u n c t i o n  o f  v e h i c l e  w e i g h t  f o r  v e h i c l e s  w e i g h i n g  6000 t o  
16 000 l b  (2722 t o  7257 k g ) .  Power r e q u i r e m e n t s  f o r  t h e  o p e r a t i o n  o f  s c i e n -  
t i f i c  equipment  and s u p p o r t  s y s t e m  a r e  a l s o  s p e c i f i e d  and i n c l u d e d  i n  t h i s  
s t u d y .  The d a t a  used r e p r e s e n t  p o s t  y e a r  2000 t e c h n o l o g y .  The f u e l  c e l l  sys- 
tem d e s i g n  parameters  a r e  l i s t e d  i n  t a b l e  I V .  
The V e h i c l e  Fue l  C e l l  Power System 
The f u e l  c e l l  module f o r  t h i s  concep t  c o n s i s t s  o f  hydrogen and oxygen 
r e a c t a n t  t a n k s ,  an i n t e g r a t e d  f u e l  c e l l ,  and an e l e c t r o l y z e r  c e l l  s t a c k  t h a t  
i s  a t  t h e  permanent base. Hydrogen and oxygen a r e  combined i n  t h e  f u e l  c e l l  
( a t  t h e  v e h i c l e )  t o  produce e l e c t r i c i t y  and w a t e r .  The power sys tem w e i g h t  as 
f u n c t i o n  o f  t h e  v e h i c l e  w e i g h t  i s  shown i n  f i g u r e  2. I t  i n c l u d e s  power depend- 
e n t  hardware ,  energy  dependent  hardware,  and r e a c t a n t s '  w e i g h t s .  
F i g u r e  3 shows t h e  power s y s t e m  w e i g h t  i n  p e r c e n t  as a f u n c t i o n  o f  t h e  
v e h i c l e  w e i g h t .  A s  f i g u r e  3 shows, t h e  f u e l  c e l l  power sys tem compr i ses  
38 p e r c e n t  o f  t h e  v e h i c l e  w e i g h t  f o r  a l i g h t w e i g h t  (6000 1b/2722 k g )  v e h i c l e ,  
b u t  d rops  t o  25 p e r c e n t  f o r  a h e a v i e r  (16  000 1b/7257 kg )  v e h i c l e .  
The power system f o r  t h e  v e h i c l e  w e i g h i n g  16 000 l b  (7257 k g )  i s  p r e s e n t  
i n  t a b l e  V. 
A p i c t o r i a l  o f  t h e  power system i s  shown i n  f i g u r e  4. The m a t e r i a l  used 
f o r  t h e  r e a c t a n t  s t o r a g e  t a n k s  was K e v l a r  49 ( r e f .  5 ) ,  because i t  o f f e r s  a s i g -  
n i f i c a n t  w e i g h t  s a v i n g  o v e r  t h e  c o n v e n t i o n a l  m e t a l  t a n k s .  The r e a c t a n t s  a r e  
s t o r e d  a t  c r y o g e n i c  t e m p e r a t u r e  and s u p e r c r i t i c a l  p r e s s u r e  on  s p h e r i c a l  shaped 
t a n k s .  
The c h a r a c t e r i s t i c s  o f  t h e  f u e l  c e l l  power sys tem a r e  g i v e n  i n  f i g u r e  7 
and t h e  t y p i c a l  e l e c t r o l y z e r  module c h a r a c t e r i s t i c s  a r e  g i v e n  i n  f i g u r e  8 .  
An a r t i s t  concep t  o f  what such v e h i c l e  m i g h t  look l i k e  i s  shown i n  
f i g u r e  9 .  
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The s u p p o r t  t r a i l e r  w i l l  c a r r y  hydrogen and oxygen t a n k s  t o  e i t h e r  e x t e n d  
t h e  m i s s i o n  or  c o v e r  o t h e r  t y p e s  o f  c o n t i n g e n c i e s .  
e x t e n d  t h e  m i s s i o n  on t h e  c a p a b i l i t y  o f  t h e  s u r f a c e  e x p l o r a t i o n  v e h i c l e ,  a d d i -  
t i o n a l  r e a c t a n t s  c o u l d  be s t o r e d  and c a r r i e d  i n  t h e  t r a i l e r  t h a t  c o u l d  more 
t h a n  doub le  t h e  range and d u r a t i o n  o f  t h e  v e h i c l e .  
t o  t h e  power budge t ,  i s  more t h a n  s u f f i c i e n t  t o  accommodate a t r a i l e r  c a r r y i n g  
t h e  r e q u i r e d  r e a c t a n t s .  
I f  i t  were d e s i r e d  t o  
The r e s e r v e ,  t h a t  was added 
Ano the r  p o s s i b i l i t y  i s  t o  " p a l l e t i z e "  t h e  f u e l  c e l l  power s y s t e m  for  
moun t ing  i n  t h e  v e h i c l e .  I n  t h i s  case t h e  e n t i r e  sys tem c o u l d  be removed and 
r e p l a c e d  w i t h  a new ly  "charged"  system a t  "way s t a t i o n s "  or  o u t p o s t s  where t h e  
exchange c o u l d  be made. 
T h i s  p a r t i c u l a r  s t u d y  was concerned w i t h  t h e  s p e c i a l  case o f  t h e  Mars geo- 
These m i g h t  c o n s i s t  of i n t e r  
l o g i c a l  e x p l o r a t i o n  v e h i c l e .  Many o t h e r  m o b i l e  s u r f a c e  systems wou ld  be 
r e q u i r e d  t o  s u p p o r t  a mature  Mars base or c o l o n y .  
and i n t r a  base pe rsonne l  t r a n s p o r t a t i o n  s y s t e m s ,  heavy and l i g h t  c a r g o  v e h i -  
c l e s ,  c o n s t r u c t i o n  and m i n i n g  equipment  such as b u l l d o z e r s  and e x c a v a t o r s ,  and 
p o s s i b l e  m o b i l e  c ranes .  A l t h o u g h  n o t  s t u d i e d  i n  d e t a i l  i t  i s  f e l t  t h a t  t h e  
hydrogen-oxygen f u e l  c e l l  power system concep t  p roposed h e r e  i s  a l s o  a v i a b l e  
power system concep t  fo r  these  a p p l i c a t i o n s .  
CONCLUSIONS 
T h i s  s t u d y  has demons t ra ted  t h e  v i a b i l i t y  o f  a power sys tem fo r  a Mars 
s u r f a c e  e x p l o r a t i o n  v e h i c l e .  A s  t h e  v e h i c l e  w e i g h t  i n c r e a s e s  from 6000 t o  
16 000 l b  (2722 to 7257 k g )  t h e  p e r c e n t  of  v e h i c l e  w e i g h t  t a k e n  b y  t h e  power 
sys tem d rops  from 38 t o  25 p e r c e n t .  
A t  t h e  l o w e r  v e h i c l e  w e i g h t  i t  i s  f e l t  t h a t  t h e  power sys tem mass f r a c t i o n  
i s  too l a r g e  t o  be a v i a b l e  concep t .  A d d i t i o n a l  b e n e f i t s  of t h e  sys tem a r e  
t h a t  t h e  h e a t  g e n e r a t e d  by  t h e  f u e l  c e l l  can be used f o r  t h e  t h e r m a l  c o n t r o l  
of t h e  v e h i c l e .  A lso t h e  oxygen and w a t e r  t a n k s  can be i n t e g r a t e d  w i t h  t h e  
l i f e  s u p p o r t  system t o  p r o v i d e  b r e a t h i n g  oxygen and wa te r  f o r  t h e  c rew.  
t y p e  o f  l i f e  s u p p o r t / f u e l  c e l l  i n t e g r a t i o n  would r e s u l t  i n  a more w e i g h t  e f f i -  
c i e n t  v e h i c l e  d e s i g n .  The s u p p o r t  t r a i l e r  w i l l  p r o v i d e  t h e  c rew w i t h  t h e  e x t r a  
oxygen and hydrogen s t o r a g e  t a n k s  fo r  e x t e n d i n g  t h e  m i s s i o n  
s i z e s  o f  t h e  t a n k s  wou ld  depend on  t h e  v e h i c l e  w e i g h t .  The hyd rogen  and oxygen 
r e a c t a n t s  a r e  s t o r e d  a t  c r y o g e n i c  tempera tu re  and s u p e r c r i t  c a l  p r e s s u r e  on  
t h e  s p h e r i c a l  shaped t a n k s .  
T h i s  
The w e i g h t s  and 
The hydrogen-oxygen f u e l  c e l l  i s  a b l e  t o  meet t h e  r e q u  
sys tem for t h e  Mars s u r f a c e  t r a n s p o r t a t i o n  v e h i c l e .  The ac 
rements  as a power 
u a l  v e h i c l e  w e i g h t  
d e s i g n  w i l l  depend o n  t h e  m i s s i o n  d e f i n i t i o n ,  sys tem o p e r a t i o n s  and d e s i g n  
pa ramete rs .  
Many c o n f i g u r a t i o n s  o f  t h e  f u e l  c e l l  power sys tem fo r  p l a n e t a r y  su r face  
m o b i l e  systems a r e  p o s s i b l e .  The concep t  p r e s e n t e d  h e r e  i n t e g r a t e d  t h e  f u e l  
c e l l  power system i n t o  t h e  v e h i c l e ,  t h e  e l e c t r o l y z e r  a t  t h e  permanent  base and 
t h e  v e h i c l e  r e t u r n i n g  t o  t h e  base f o r  " r e c h a r g i n g "  o f  t h e  r e a c t a n t s  t a n k s .  
Range e x t e n s i o n  i n  t h i s  case was p o s t u l a t e d  by  means o f  t h e  r e a c t a n t s  t r a i l e r .  
The concep t  deve loped  h e r e  would a l s o  be a p p l i c a b l e  t o  a Lunar  Rover for 
l u n a r  s u r f a c e  e x p l o r a t i o n .  The reduced g r a v i t y  on t h e  l u n a r  s u r f a c e ,  o v e r  t h a t  
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on  M a r t i a n  s u r f a c e ,  would r e s u l t  i n  an i n c r e a s e d  range  or c a p a b i l i t y  o v e r  t h a t  
o f  t h e  Mars v e h i c l e s  s i n c e  many o f  t h e  power and energy  r e q u i r e m e n t s  f o r  t h e  
v e h i c l e  a r e  g r a v i t y  dependent .  
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TABLE I. - SHUTTLE FUEL CELL CHARACTERISTICS 
Power, kW 
Cont inuous . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 t o  7 
F o r l h r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 
Peak f o r  15 min . . . . . . . . . . . . . . . . . . . . . . . . . .  12 
Vo l tage ,  V dc . . . . . . . . . . . . . . . . . . . . . . .  27.5 t o  32.5 
Fuel C e l l  Power P l a n t  (FCP), kg/kW . . . . . . . . . . . . . . . . .  7.6 
E f f i c i e n c y ,  p e r c e n t  . . . . . . . . . . . . . . . . . . . . . . . .  61.8 
S e r v i c e  l i f e  ( @  4.5 kW) . . . . . . . . . . . . . . . . . . . .  2000 h r  
Tank t ypes  
Hydrogen (2 t a n k s )  . . . . . . . . . .  Vacuum-jacketed dewar (1 .19  od)  
Oxygen (2 t a n k s )  . . . . . . . . . . .  Vacuum-jacketed dewar (0.965 od) 
Pressure vessel  
M a t e r i  a1 
For  hydrogen . . . . . . . . . . . . . . . . . . . . . . .  2219 a l l o y  
Fo r  oxygen . . . . . . . . . . . . . . . . . . . . . . .  718 I n c o n e l  
For  hydrogen . . . . . . . . . . . . . . . . . . . . . . . . .  0.606 
For  oxygen . . . . . . . . . . . . . . . . . . . . . . . . . .  0.318 
For hydrogen . . . . . . . . . . . . . . . . . . . . . . . . . .  io2 
For oxygen . . . . . . . . . . . . . . . . . . . . . . . . . . .  97.5 
Storage c a p a c i t y  ( f o r  hyd rogen) ,  k g  . . . . . . . . . . . . . . .  41.7 
Usable c a p a c i t y  ( f o r  hydrogen) ,  kg . . . . . . . . . . . . . . . .  37.4 
Usable c a p a c i t y  ( f o r  oxygen) ,  k g  . . . . . . . . . . . . . . . . .  323 
Volume, m 
Weight ( d r y ) ,  kg 
Storage c a p a c i t y  ( f o r  oxygen) ,  kg . . . . . . . . . . . . . . . . .  354 
TABLE 11. - TRANSPORTATION REQUIREMENTS 
E x t e r n a l  mounted c o r i n g  d r i l l ,  I E x t e r n a l  power t o o l s ,  kW . .  .kw . : : ': 1 
Energy Reserve, p e r c e n t  . . . . . . . .  25 
TABLE 111. - POWER REQUIREMENTS 
Housekeeping - i n t e r n a l  power ( r e f .  l ) ,  kW con t inuous  . . .  2.5 
Power rese rve ,  pe rcen t  (kW) . . . . . . . . . . . . . . . .  50 
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TABLE I V .  - FUEL CELL D E S I G N  PARAMETERS 
Power dependent hardware, kg/kW . . . . . . . . . . .  3.0 
Energy dependent hardware, kg/kW . . . . . . . . . . .  0.44 
Reactants ,  kg/kW . . . . . . . . . . . . . . . . . . .  0 . 5 7  
R a d i a t o r ,  kg/kW . . . . . . . . . . . . . . . . . . .  5.0 
Power management and d i s t r i b u t i o n  (PMAD), kg/kW . . .  4.0 
E l e c t r i c  motors,  kg/kW . . . . . . . . . . . . . . . .  1.0 
E f f i c i e n c y ,  pe rcen t  . . . . . . . . . . . . . . . . . .  75 
TABLE V .  - FUEL CELL SYSTEM COMPONENT WEIGHT BREAKDOWN 
FOR 16 000- lb VEHICLE 
~ ~~~~ 
Power dependent hardware . . . . . . . . . . .  628 
Energy dependent hardware . . . . . . . . . .  1094 
Reactants  . . . . . . . . . . . . . . . . . .  119 
R a d i a t o r  . . . . . . . . . . . . . . . . . . .  1047 
Power management and d i s t r i b u t i o n  (PMAD) . . .  847 
E l e c t r i c  motors . . . . . . . . . . . . . . .  209 
TOTAL . . . . . . . . . . . . . . . . . . . .  3944 
(CONCEPT) 
USE ORBITER CRYOGENIC TANKS Iz 
H2 TANK \ \ 
PC-17 
POWERPLANTS >’\ 
+ 3 2 0  FT’ RADIATOR 
CAPACITY PULSE CAPABILITY 
1 9 2 6  KW HR 54 KW (51 M I N )  
30 KW FOR 64 HR 125 KW ( N A W  REGULATOR. SEC) 
1 0  KW FOR 1 9 3  HR 
FUEL CELL Ag-zn BATTERY 
ENERGY DENSITY. WH/LB - 509 - 100 
WEIGHT. LB -3800 -19 260 
FIGURE 1 .  - ~ O - K W  ORBITER POWER PACK. 
. 
- TOTAL POWER SYSTEM 
ENERGY HARDWARE 'r ____ -- REACTANTS 
POWER HARDWARE 
r" 2t 
I--------- 
6 7 8 9 10 11 12 13 14 15 16 
VEHICLE WEIGHT. x lo00 LB 
FIGURE 2. - POWER SYSTEM WEIGHT VERSUS VEHICLE WEIGHT. 
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FIGURE 4. - POWER SYSTEN-REGENERATIVE FUEL CELL. 
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FIGURE 3. - 
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POWER SYSTEN WEIGHT PERCENT VERSUS VEHICLE 
0 ENERGY BUDGET 
OVERCM 100 KM ROLLING RESISTANCE 
CLIMBING EFFECT - 50 KM (30 DEG) 
2.5 KW CONTINOUS HOUSEKEEPING 
CORING DRILL ENERGY REQUIREMENTS 
EXTERNAL POWER TOOLS 
TOTAL NISSION DEPENDENT ENERGY 
0 25 PERCENT RESERVE 
REQUIRENENT 
SYSTEN DESIGN REQUIREMENTS 
KW-HR 
225 
188 
300 
150 
40 
903 
226 
1129 
FIGURE 5. - ENERGY BUDGET FOR 16 000 LB VEHICLE. 
ROLLING RESISTANCE (A) 24 
50 KM HILL  CLINBING AT 10 KWHR (30 MG) (B) 38 
HOUSEKEEPING POWER REWIREENTS (CONT) (C) 2.5 
0 EXTERNALLY MOUNTED CORE DRILL 10 
EXTERNAL POWER TOOLS 2 
0 FOR POWER SYSTEN SIZING I T  WAS A S S W D  THAT 
A.B.C CAN OCCUR SIMULTANEOUSLY. THEREFORE: 
FUEL CELL POWER SYSTEM REQUIREMENTS 64 
50 PERCENT RESERVE 32 
SYSTEN POWER DESIGN REPUIRENENTS 96 
FIGURE 6. - POWER BUDGET. 
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CELL VOLTAGE (BOL) 
NUMBER OF CELLS/STACK 
0 NUMBER OF STACKS 
STACK WEIGHT 
0 STACK DIMENSIONS 
0 HYDROGEN COFISURPTION RATE 
0 OXYGEN CONSURPTION RATE 
WATER PRODUCTION 
FIGURE 7.  - 95 KW FUEL 
95 KW 
.82 V 
234 
1 
682 LB 
6 9  X 18 X 18 IN. 
9.7  LB/HR 
76.98 LB/HR 
86.69 LB/HR 
CELL SYSTEM. 
0 POWER 49 KW 
0 INDIVIDUAL CELL VOLTAGE 1.63 V 
0 NUMBER OF CELLS/STACK 6 0  
NUMBER OF STACKS 1 
0 STACK WEIGHT 309 LB 
0 STACK DIMENSIONS 32 X 2 1  X 17 I N .  
0 HYDROGEN PRODUCTION RATE 2.45 LB/HR 
0 OXYGEN PRODUCTION RATE 19.46 LB/HR 
WATER CONSURPTION RATE 21.90 LB/HR 
FIGURE 8. - ELECTROLYSIS FACILITY. 
L - 
FIGURE 9 .  - ARTIST CONCEPT OF NARS VEHICLE. 
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the technology issues required to support manned Mars missions in the next century. The various facets of a 
manned Mars mission were addressed by individual subgroups. The Mars Surface Infrastructure Subgroup 
addressed the capabilities and the equipment that needed to be landed to support a permanently manned Mars 
surface base. A key objective of this base is to carry out surface geological exploration of the planet. As part of 
this study, the NASA Lewis Research Center developed a design concept for this vehicle that used hydrogen- 
oxygen fuel cells as the primary power system. This paper presents the results of a study to identify and describe 
a viable power system technology for a surface transportation vehicle to explore the planet. A number of power 
traction systems were investigated, and it was found that a regenerative hydrogen-oxygen fuel cell appears to be 
attractive for a manned Mars rover application. Mission requirements were obtained from the Manned Mars 
Mission Working Group. Power systems weights, power, and reactants requirements were determined as a func- 
tion of vehicle weights for vehicles weighing from 6000 to 16 000 lb (2722 to 7257 kg), (Earth weight). The 
vehicle performance requirements were: velocity, 10 km/hr; range, 100 km; slope climbing capability, 30" uphill 
for 50 km; mission duration, 5 days; and crew, 5. Power requirements for the operation of scientific equipment 
and support system capabilities were also specified and included in this study. The concept developed here would 
also be applicable to a Lunar based vehicle for Lunar exploration. The reduced gravity on the Lunar surface, 
(over that on the Martian surface), would result in an increased range or capability over that of the Mars vehicle 
since many of the power and energy requirements for the vehicle are gravity dependent. 
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